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Critical Research Needs 
for Nanoparticles  
 
 
 
 

• New particle formation and growth 
• Particle composition and morphology 
• Chemical and photochemical reactions 
• Health effects 
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Validation of one model over another through 
experiment has proven difficult: the conflicting model 
results cite for support the same two experimental 
investigations on this topic.11,12 Ambiguity in the reported 
experimental results arises because the technique employed, 
which is the tandem differential mobility analyzer approach, 
neither directly identifies the phase of the nanoparticles nor 
directly measures particle diameter. 

3.3.2 Proposed thermodynamic modeling 

Thermodynamic models will be developed to quantify 
the effects of the nano-size regime on phase relations. The 
proposed experiments (§3.4) will provide endpoint 
experimental data on the size-dependence of deliquescence, 
hydrates, and polymorphs, and thermodynamic formulations 
will be developed to provide comparable model predictions 
that can be directly compared with experiments. Sensitivity 
in model output to a range of physical parameters 
(principally surface tensions) will be determined.  

The thermodynamic model minimizes Gibbs free energy, which is formulated with the intensive 
properties of chemical potential (µ) and surface tension (σ) in an extensive heterogeneous system of n 
moles with surface area a.16 The phase change from a dry to a wet particle occurs when the Gibbs free 
energy of that change equals zero, i.e.,  

wet drydeliq L L V V LV LV S S L L V V LV LV LS LS 0G n n a n n n a aµ µ σ µ µ µ σ σ   ∆ = + + − + + + + =     

where superscripts denote the solid (S), liquid (L), and vapor (V) phases, as labeled in Figure 1.16 This 
approach relies on the ability of bulk thermodynamic quantities to represent the qualitative behavior of 
particles in the nano-size regime, which was demonstrated for the Russell and Ming model16 shown in 
Figure 2 for existing data.11-13. To resolve quantitative differences from experiments, we will couple this 
modeling technique to experimental measurements. This integrated approach means that while we use the 
bulk framework for predicting equilibria, shortcomings in the bulk representation of processes will be 
characterized as size-dependent variations that we can describe with physically consistent 
parameterizations. This approach provides a comparison between the expected model behavior (based on 
bulk interfacial tensions) of nano-size particles to experimental observations, providing a direct 
characterization of nano-size differences from bulk properties. 

This model has been developed only for NaCl and only for DRH predictions. The first step for a 
comparison of DRHexp(x) to DRHmodel(x) for many salts will be a recalibration of the physical parameters 
in the model, as corresponding to the additional salts. The next step will be to extend the model to predict 
the RH of hydrate formation (§3.4.2) and the temperature of polymorph transition (§3.4.3). The 
underlying thermodynamics of a heterogeneous system characterized by µ, σ, and n will need only small 
modifications. A significant part of the model development will be extensive literature searches for values 
of key properties, such as σ for the DRH work or heats of formation for the work on hydrates and 
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Figure 2. Comparison of models for 
DRH(x) of NaCl. 
(1) Russell and Ming16 
(2) Mirabel et al.14 
(3) Djikaev et al.15 
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magnitude.85 To date, employing SPFM Salmeron and co-workers have successfully imaged aqueous 
KOH droplets (0.1 - 2 µm) supported on mica,20 corrosion by H2SO4 droplets (<1 µm) on aluminum at 
variable RH,19 and the size-dependent contact angles of H2SO4 droplets (0.2 - 1.5 µm) on mica.23 In 
studying the corrosion of Al by supported H2SO4 droplets, Salmeron and co-workers observed the 
crystallization of the corrosion by-product (NH4)2SO4(s) at reduced relative humidities.19  As part of this 
proposal, the instrument will be developed into a technique for the study of nanoparticles and their 
processes relevant to atmospheric aerosols. 

Relative humidity is controlled by placing an acrylic box, which is outfitted with inlets and outlets for 
gas-flow, over the AFM. Proportioned humidified and dry streams of N2 flow through the box and control 
RH. A chilled-mirror hygrometer is employed on the outlet of the cell to measure RH. A thermistor is 
attached to the AFM substrate to measure T.  Between SPFM images, the tip can also be engaged as a 
normal AFM scan to determine the size and shape of crystalline particles.   

3.3 Thermodynamic modeling of the effects of the nano-size regime on phase transitions 

3.3.1 Previous thermodynamic models of DRH(x) 

Mirabel et al.14 provided a thermodynamic model of the effect of nano-size x on DRH, and Russell 
and Ming16 included more detailed physics of surface properties and hygroscopicity. According to 
Mirabel et al., in the nano-size regime the DRH value is predicted to decrease to much lower values than 
bulk systems. In contrast to Mirabel et al., the prediction of Russell and Ming is that particles having x < 
100 nm have increased DRH values. For instance, DRH is predicted to increase from 75% to 83% for 8 
nm particles.  

Russell and Ming16 point out that NaCl adsorbs multilayers of water prior to the DRH value, which is 
a phenomenon absent in the treatment of Mirabel et al.14 The revised Gibbs free energy for a multilayer 
interface includes the surface tensions of the water layer against the vapor ( )LVσ  and of the solid crystal 
against the water layer ( )SLσ  as illustrated schematically in Figure 1. A key point is that both LVσ and 

SLσ are less than SVσ . Russell and Ming show that for soluble salts that adsorb water below their 
deliquescence point (including NaCl), the DRH values 
increase with decreasing particle size for typical 
values of LVσ and SLσ . This conclusion differs 
markedly from the formulation of Mirabel et al., where 
the limiting value of DRH is zero at small particle 
sizes. A third model for nano-deliquescence from 
Djikaev et al. attempts to describe the size dependent 
behavior by fitting a Tolman length dependence to the 
experimental measurements.15 The disparities among 
the three models are illustrated in Figure 2. The  
discrepancy increases radically in the nano-size range. 
The coated model of nanoparticle deliquescence of 
Rusell and Ming shows that DRH increases with 
decreasing particle size whereas an uncoated model 
predicts a decrease in DRH with decreasing size.  

Figure 1. Schematic illustration of coated16

and uncoated14 models for nano-
deliquescence. An opposite dependence of 
DRH on x is shown. 
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Nano-Structures 
 
 
 

 
 

Effect of inclusion diameter on crystallization relative 
humidity

 



Scot T Martin
CLIMATEAfrica Slowly Blows AwayDisease, nutrients ride airborne soilA dust storm bigger than Spain raged over the Atlantic a thousand miles off West Africa last February 26. A NASA satellite captured the event (right). Since the early 1970s more and more such have recorded many of these African tempests, but the size and power of this monster left scientists agog. Riding air currents, one part of the storm blanketed the coast of Portugal and Spain; another part headed west toward the Americas.Dust storms have long blown over the Atlantic. Aboard H.M.S. Beagle near the Cape Verde Islands in 1832, Charles Darwin recognized one storm's origin. "The dust falls in such quantities as to dirty everything on board," he wrote. "We may feel sure that it all comes from Africa:"Today an army of researchers study the storms and their fallout. Many roll off Africa during summer, and several scientists are investigating whether they affect hurricane formation.Much of the dust crossing the Atlantic falls in the southeast U.S., some as far west as New Mexico. A major depot is the Caribbean, where about a billion tons a year is dumped. There, some biologists believe, the dust causes stress and disease among coral reefs. Garriet Smith of the University of South Carolina has detected in the dust a fungus, Aspergillus, that kills soft corals such as sea fans. Yet when the same earthy essence of Africa drifts into South America, the phosphate it carries fertilizes the Amazon's nutrient-poor soil.National Geographic, September 2000





Pósfai, M., Anderson, J.R., Buseck, P.R., Shattuck, T.W., and Tindale, 
N.W., "Constituents of a remote Pacific marine aerosol:  A TEM 
study," Atmos. Environ., 28, 1747-1756, 1994.

Marine Aerosols from the Equatorial Pacific
1990 FeLINE-1 cruise

TiO2 Coated by Sulfate

TiO2

Sulfate
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Figure 7. Transmission electron micrographs of collected Fe2O3 particles at different (NH4)2SO4 
loadings.  Conditions: (A) 7.9 x 10--3 mole/m3, (B) 5.2 x 10--3 mole/m3, (C) 7.1 x 10--3 mole/m3, (D) 6.4 
x 10--5 mole/m3.  The Fe2O3 mode size is Dp = 400   30 nm.  The flow rate, the temperature gradient, 
and the precursor solution concentration are 2.03 SLPM, 200/20 C,  and 1M, respectively.
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Hysteresis Effect

dry
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Figure 19.  Relative volume of an ammonium sulfate particle with cycles in increasing and decreasing relative humidity at 298 K.  Unity volume corresponds 
to a nonporous, spherical crystalline ammonium sulfate particle.  At 79.5% RH, deliquescence occurs and the particle spontaneously forms an aqueous 
spherical droplet.  Upon decreasing RH, the particle remains aqueous (dashed line) until 35% RH when efflorescence occurs in chemically pure particles.  
Changes in volume occur from the evaporation and condensation of water vapor.  A hysteresis effect is apparent because the volume on decreasing RH (the 
upper loop) is 125% to 200% larger than increasing RH (the lower loop) in the 35 to 79% range.  In authentic atmospheric particles, crystallization can occur 
at higher RH values due to the presence of insoluble impurities that induce crystallization at lower supersaturations.  The upper axes show the mole fraction, 
x, of the aqueous particles, saturation ratio, S, with respect to crystalline ammonium sulfate, and the free energy change, DG (kJ mol-1), of one total mole of 
ammonium sulfate crystal and water vapor combining to form an aqueous solution (i.e., deliquescence). Density, curvature, and mass transfer effects are not 
considered.
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Dependence of Crystallization Relative Humidity 
of Aqueous (NH4)2SO4 and NH4NO3 Outer Layers 

as a Function of Inclusion Size 
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   imaged by contact under air before exposure to water or oxalate
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For 100 particles of 10-nm diameter, the maximum likelihood distribution is that 72 particles have no active sites, 23 have one site, 4 have two sites, and 1 has three or more sites.
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